SUMMARY Triethyl tin(TET)-induced cerebral oedema has been studied in cats by magnetic resonance imaging (MRI)*and the findings correlated with the histology and fine structure of the cerebrum following perfusion-fixation. MRI is a sensitive technique for detecting cerebral oedema, and the distribution and severity of the changes correlate closely with the morphological abnormalities. The relaxation times, T1 and T2 increase progressively as the oedema develops, and the proportional increase in T2 is approximately twice that in T1. Analysis of the magnetisation decay curves reveals slowly-relaxing and rapidly-relaxing components which probably correspond to oedema fluid and intracellular water respectively. The image appearances taken in conjunction with relaxation data provide a basis for determining the nature of the oedema in vivo.
Proton nuclear magnetic resonance (NMR) imaging (MRI) provides a sensitive means of detecting abnormalities in the brain in a variety of diseases. The image appearances, however, lack specificity. For example, the abnormal appearances seen in multiple sclerosis may be indistinguishable from those seen in cerebral vascular disease.'
Many pathological processes affecting the central nervous system are associated with alterations in intracellular or extracellular water or both. Since the NMR signal intensity is determined not only by the quantity of water in a tissue but also by its physicochemical environment, it is to be expected that this technique might distinguish between different types of pathological change as a result of differential alterations in proton density and relaxation times, T, and T2. The form of the magnetisation decay curve might provide further information about the components of tissue water in the sample.
We have begun a systematic study of the NMR characteristics of abnormal tissue water in brain by studying the oedema produced by intoxication with triethyl tin. This form of oedema affects the cerebral white matter diffusely. 2 The myelin sheath is disrupted at the intraperiod line and oedema fluid accumulates in the resulting spaces.3 In contrast to vaso-genic oedema the extracellular space is not enlarged, and astrocytic swelling is not conspicuous. The composition of the oedema fluid in the TET lesion also differs from that of vasogenic oedema in that it resembles a plasma ultrafiltrate lacking a significant protein content. 4 In this paper we describe the evolution of the changes in NMR characteristics of TET-induced cerebral oedema and relate them to the ultrastructural changes.
Methods
The experiments were performed on 10 adult female cats weighing 2-2-3-3 kg (mean 2-75 kg). Oedema was induced by the intraperitoneal injection of one to four doses of triethyl tin sulphate (1 mg/kg body weight).
Imaging MRI was performed using a Picker International system operating at 0 5 Tesla and a saddle-shaped receiver coil 10cm in diameter. The animals were anaesthetised prior to imaging by intraperitoneal injections of pentobarbitone sodium (40 mg/kg body weight).
Total imaging time varied from 3 to 4 hours, during which five to seven inversion recovery (IR) and eight to 10 spin echo (SE) scans were performed.5 Coronal sections were found to be the must useful as they provided the best anatomical detail, and the depth of white matter relative to slice thickness minimised partial volume effects.
Spin echo sequences consist of an initial .900 radiofrequency (RF) pulse, followed after an interval by a 180°p ulse. This second pulse produces a spin echo signal at an interval (the echo time, T.) after the initial 90°pulse. If the 1341 1342 echo time is increased, the magnitude of the signal from a given tissue decreases at a rate determined by its transverse relaxation time, T2. Thus tissues with very long T2 values remain visible at the highest echo times. In the later experiments the basic spin echo sequences were modified by the addition of a second 90°pulse which saturates the magnetisation after the echo (the "SAFE" pulse-PS Tofts, unpublished). By allowing a constant recovery period after the SAFE pulse before beginning the next sequence, a linear dependence between Te and signal intensity was achieved.
This would otherwise not be the case for spin echo sequences which employed very long echo times since a significant dependence on T, would be introduced. SAFE pulses minimise this effect.
Images produced by inversion recovery sequences are more dependent on the longitudinal relaxation time T1, and consist of an initial 180°(inversion) pulse followed by a 90°p ulse and a further 180°pulse which produces the signal echo. During the interval between the first two pulses (the inversion time, To) the magnetisation returns towards its equilibrium state at a rate dependent on T,. By varying Ti, differences in T1 of tissues can be highlighted. In the present experiments values of T1 up to 700 ms and Te up to 800 ms were used. All scans employed a repetition time of 2 seconds, and the reconstruction method used was two-dimensional Fourier transform (2DFT) imaging. The pixel dimensions were 0 6 x 1 2 mm, and the slice width 5 mm.
A bottle of manganese chloride (TI = 640ms, T2 = 154 ms) was included in the imaging field to act as a reference, which enabled us to ensure that the images and calculated relaxation times remained consistent from one occasion to another.
The calculated images were produced by computer algorithms: the T1 image from an SE (Te = 40 ms) and an IR (T = 700 ms), the T2 from two SE (Te = 40 and 120 ms) scans.
Magnetisation decay curves were constructed by plotting signal intensity against echo time on a log-linear scale. A computed least-squares fitting procedure was applied to derive the best monoexponential, biexponential and triexponential fits. An F-test was applied to determine the best fit.
Determination of water content Three animals were killed immediately after the final imaging session following 4 days of TET by an overdose of anaesthetic following which the brains were rapidly removed and sectioned, and samples of white and grey matter taken for wet-dry weight determination of water content. These samples were dried at 60°C until their weights were stable for 48 hours.
Histology
Two animals were killed at two and four days by perfusionfixation through the ascending aorta via the left ventricle using 3% glutaraldehyde in 01 M cacodylate buffer at pH 7-4. 1500 mls of fixative were perfused over 15 minutes at an effective pressure of 180 mmHg. The brains were removed after a further 48 hours in fixative and tissue samples were post-fixed in 1% osmium tetroxide solution, dehydrated in graded ethanol solutions, and embedded in epoxy resin for microscopy. Semi-thin sections (0 5pm) were stained with Barnes, McDonald, Tofts, Johnson, Landon toluidine blue for light microscopy, and ultra-thin sections (60nm) with Reynold's lead citrate and methanolic uranyl acetate for transmission electron microscopy.
One animal was perfused with formol-saline for paraffin preparations for light microscopy.
Results
The susceptibility of individual animals to TET varied, and the dosage regime was adjusted so as to produce comparable abnormalities on the NMR images.
Microscopic appearances
The predominant abnormality observed by light microscopy was extensive vacuolar change in the cerebral white matter (fig 1) .
The most obvious difference between the appearances at 2 and 4 days was the size rather than the number of vacuoles. The cortex was not completely spared; a similar vacuolar appearance was occasionally seen in the layers adjacent to white matter, although the neurons themselves appeared normal. A further abnormality of the grey matter was the occasional finding of enlargement of the Virchow-Robin spaces around the penetrating vessels.
Oedema was found throughout the cerebral hemispheres, but was not uniformly distributed, the gyral white matter, that adjacent to cortex and basal ganglia, and the corpus callosum being most severely affected.
The predominant ultrastructural abnormality was severe disruption of the myelin sheaths as shown in figure 2 . The myelin lamellae were separated at the intraperiod line. Individual sheaths showed considerable variation in the extent to which they were disrupted, and grossly vacuolated examples could be found adjacent to apparently normal ones. The :~~~~~~~~~~~. The main difference between early and late changes (also seen by light microscopy) was the size of the vacuoles which increased progressively with time, rarely exceeding 12pm in diameter at 2 days, but frequently exceeding 15 pm at 4 days.
Scan appearances
The normal pattern of white matter in coronal section and a corresponding spin echo image from a control animal are shown in fig 3. Figure 4 shows images produced by two different spin echo sequences in which the widespread changes caused by the TET can be seen. In keeping with the histological changes, the degree of signal enhancement was generally greatest in the gyri and in the white matter of the internal capsule adjacent to the basal ganglia. The corpus callosum could not be assessed owing to its small size and proximity to the high signal generated by CSF within the ventricles. Unlike normal white matter from which no signal was seen beyond echo times of about 400 ms, signal from oedematous tissue was still present at echo times up to 800 ms. The grey matter was of normal appearance in all scans.
Magnetisation decay
A signal-T. plot was constructed on a log-linear scale in order to determine the characteristics of the magnetisation decay which would be expected to provide information about the magnitude and relaxation rate of the major tissue water components. Prior to the use of the SAFE pulses normal white matter showed linear magnetisation decay characteristics. In ;ss of th charac-differences in their physical significance, however, which may provide an explanation for the finding of a greater proportional increase in T2 than T, in this type of oedema. The T, relaxation process depends measure of the mainly upon components of molecular motion with dntent of normael correlation times corresponding to the resonance fre--dry weilght est-quency (in the MHz range), whereas T2 relaxation is trol animals and most sensitive to the static components.9 In bulk =The water con-water, T1 = T2, whereas in tissues the presence of -3) inatheumost macromolecular structures, which exert motional se, calculated to restriction upon water molecules, enhances both relaxation processes, and modifies T, and T2 in such a way that the T, of normal white matter is about six times as long as the T2. In TET-induced oedema, the increase in bulk water would therefore be expected rrespond closely not only to prolong both the observed T, and T2, but also to produce a greater proportional increase in T2, TET. 6 There are differences, however, such as the marked astrocytic swelling seen in Reye's syndrome., but the absence of conspicuous inflammatory changes and the sequestration of oedema fluid within intramyelinic vacuoles suggest that their NMR characteristics might be similar. MRI, which has so far proved to be without known biological hazard, could be of value in monitoring the progress of the disease and its response to treatment. experimental cerebral oedema. 
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